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Unusual magnetic properties of the heavy-fermion compound CeCoGe3
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Heat capacity, magnetization, and electrical resistivity measurements were carried out on CeCoCie3
and LaCoGe3. CeCoGe3 was found to be a heavy-fermion system with y=111 mJ/mole Ce K . Two
magnetic transitions were found at -21 and —18 K in the absence of a magnetic field. The upper order-
ing temperature is believed to be a transition from the paramagnetic state to a c-axis ferrimagnetic
(FERRI) state, which in turn transforms a colinear antiferromagnetic (AF) state at —18 K. The AF
phase undergoes an irreversible phase transition to the FERRI state under an applied magnetic field.
Consequently, magnetic glasslike behaviors such as thermal and magnetic hysteresis, frozen moment,
and magnetic relaxation were observed. A nonhysteretic metamagnetic transition to a c-axis ferromag-
net (FERRO) was observed at high magnetic fields. The critical spin-Hip field, H, increases in the
FERRI state, and decreases in the AF state as temperature decreases. The magnetic data also suggest
that the Ce moments in the ab plane are antiferromagnetically aligned in all three magnetic phases. The
existence of both ferromagnetism and antiferromagnetism implies that there may be close competition of
ferromagnetic and antiferromagnetic exchange interactions between Ce moments leading to possible spin
frustration.

I. INTRODUCTION

In the course of our research on new intermetallic
compounds in the R TGe3 system, where R represents
rare earths and T represents transition metals, we have
found some interesting magnetic properties in CeCoGe3.
Both LaCoGe3 and CeCoGe3 crystallize in the body-
centered BaNiSn3 structure. ' This structure is related to
the ThCrzSi2 structure. In the BaNiSn3 unit cell, four of
the Sn atoms replace the four Cr atoms, and the two Ni
atoms plus two Sn atoms occupy in an ordered fashion
the four Si atoms of the parent ThCr2Si2 unit cell, see Fig.
1.

CeCozGe~, which has the ThCr~Si~-type structure, is
an intermediate valence compound with Kondo-like
anomalies. There are three major differences in the
structure of CeCoGe3 compared to CeCo2Ge2. One is the
connectivity of the Ce-Co atoms in the c direction. In the
CeCo2Ge2 phase, the four Co atoms on the faces in the
upper half of the structure are connected to the body-
centered Ce atom (at a distance of 3.256 A) which, in
turn, is connected to the four Co face atoms in the lower
half of the structure [see Fig. 1(b)]. In the CeCoGe3
phase, the four atoms on the edges in the upper half of
the unit cell are connected to a single Co atom (at a dis-
tance of 3.414 A which is connected to the body-centered
Ce atom (at a distance of 3.391 A) in the lower half of the
unit cell [see Fig. 1(a)]. The second is a chain of atoms
along the four-fold axis, which has the sequence Ce-Ge-
Ge as the repeat unit in CeCo2Ge2, while in CeCoGe3 it is
Ce-Co-Ge as the repeat unit. The third, which is a result
of these two differences, is the absence of reAection sym-
metry along the fourfold (c) axis in CeCoCxe3, while
CoCo2Ge2 possesses a mirror plane. It should also be
noted that the Ce-Ce and Ce-Co distances in CeCoGe3
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FIG. 1 (a) The BaNiSn3 structure, and (b) the ThCr&Si2 struc-
ture. The symbol R represents Ce and La.

are -7 and 5% larger, respectively, than in CeCo2Ge2,
which is reasonable since a large Ge atom is replacing a
small Co atom. Furthermore, the shortest Co-Co dis-
tance is quite large in the BaNiSn3-type structure, and is
equal to the a edge of the unit cell, 4.35 A, which com-
pares to 2.89 A in CeCo2Si2 and 2.50 A in pure Co. With
these structural differences in mind, we thought that a de-
tailed study of CeCoGe3 might provide useful informa-
tion on the relationship between structure and interatom-
ic distances and the various types of behaviors found in
Ce-containing materials, i.e., magnetic ordering, Kondo
lattice, heavy fermion, mixed valence, etc.
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Unlike CeCu2Si2 and its isostructural compounds,
there have been no extensive studies of the RTM3 com-
pounds. Among CeTM3 compounds, there is a supercon-
ductor (CeCoSi3) and Kondo lattice systems (CeRhSi3
and CeIrSi3) (Ref. 4) and a spin-glass system (CePtSi3).
The spin-glass property is particularly interesting since
no chemical disorder was found in the system. Among
nine RTGe3 compounds examined (R =La, Ce, Pr, Nd,
and Eu, and T=Co and Rh), the CeTGe3 phases are
found to be heavy-fermion systems. CeRhGe3 shows
unusual spin canting, for which the critical field of spin
Aip decreases as temperature decreases. In addition, the
mixed quaternary systems CeCoo 9Rho &Ge3 and
Ceo 8LaopCOGe3 show spin-glass behavior. This sug-
gests that there is high potential for some degree of frus-
tration in CeCoGe3. In this paper, we present the results
of the low-temperature, high-magnetic-field heat-
capacity, magnetization, and resistance measurements on
CeCoGe3.

II. EXPERIMENTAL DETAILS

The lanthanum and cerium used in this study were
prepared by the Materials Preparation Center of the
Ames Laboratory and were 99.79 at. % (the main impuri-
ties: H, 0.17; 0, 0.02; and N, 0.01 at. %) and 99.93 at. %
(the main impurities: 0, 0.04 and C, 0.015 at. %) pure, re-
spectively. The cobalt was purchased from Johnson
Matthey Company, Ltd. (England) and the germanium
from Cerac, Inc. Both were better than 99.999 wt%%uo

pure with respect to the metallic and semimetallic ele-
ments.

The alloys with nominal compositions LaCoGe3 and
CeCoGe3 were prepared by arc melting pieces of metals
under an argon atmosphere and then heat treating them
at 900'C for 7 days in helium-filled quartz tubes. The
weight losses after arc melting were less than 0.2% of to-
tal mass which was about 5 g for both samples, thus, the
alloy compositions were assumed to be unchanged.
Phase and crystal structure analyses were performed by
means of metallography and room-temperature x-ray
powder diffractometry (using a SCINTAG automated
powder diffractometer, Cu Ko: graphite monochromated
radiation).

Low-temperature zero-field (1.3 —50 K) and magnetic
(1.3 —20 K) heat capacities up to 9.8 T were measured us-
ing an adiabatic heat-pulse-type calorimeter. The mag-
netic susceptibility was measured from 1.5 to 300 K in a
1.1 T field by using a Faraday microbalance. Magneti-
zation data in applied fields up to 5.5 T were collected on
a SQUID magnetometer.

The electrical resistance was measured using a stan-
dard four-probe dc technique. Data were taken with the
current applied in each direction to eliminate possible
thermal effects.

In addition to the usual polycrystalline samples, which
are normally cut out or sometimes broken off of an ingot,
two grain-aligned polycrystalline samples were prepared
for magnetic measurements because CeCoGe3 is strongly
anisotropic with the easy axis parallel to the tetragonal
axis. A polycrystal sample was thoroughly ground and

grain aligned in nonmagnetic epoxy (EPOTEK 301) by a
magnetic field of 8.2 T. Two cylindrical samples were
made for the magnetization measurements, one parallel
and the other perpendicular to the c axis. The disalign-
ment was checked by a rocking curve, which was found
to be less than 2. 5 of the (004) peak in FWHM. A small
misalignment was observed mainly due to bicrystals.

III. RESULTS

A. Crystal structure and sample characterization

X-ray powder patterns indicated that both LaCoGe3
and CeCoGe3 crystallize in the BaNiSn3-type structure
(Fig. 1). A least-squares fit of the data gave the lattice pa-
rameters and atomic positional parameters, which are
listed in Table I. No apparent chemical disorder was
found through a Rietveld refinement. The lattice param-
eters for the two compounds agree within the experimen-
tal error with the previous values reported by Venturini
et al. ' The x-ray-diffraction pattern gave no evidence for
the presence of second phases. Optical metallography
showed the presence of —1% of a second phase (which
could not be identified) and also revealed a uniform grain
size between 10 and 30 pm.

B. Zero-field heat capacities

TABLE I. Crystallographic data of LaCoGe3 and CeCoGe3
(space group I4mm).

a (A}
~(A)
20 range
Number of reA.
R

LaCoGe3

4.3497(2)
9.8679(4)
26'-126'

59
0.073

CeCoGe3

4.3192(2)
9.8298(2)
26'-126'

59
0.067

Atomic parameters
R in (0,0,z)
z

B; (A)
Co in (0,0,z)
z
B; (A)
Ge 1 in (0,0,z)
z
B; (A)

0.3361(2)
0.93(3)

0.0000'
0.53(5)

0.7702(3)
0.85(4)

0.3344(2)
0.80(2)

0.0000'
0.76(5)

0.7707(2)
0.51(4)

Ge 2 in (0, 1/2, z)
z
B; (A)

0.1008(2)
1.11(3)

0.0985(2)
1.06(3)

'Parameter kept fixed to determine origin in the space group.

The heat capacities of LaCoGe3 and CeCoGe3 from
—1.5 to 30 K are shown in Fig. 2. The heat capacities of
both samples were measured up to 50 K, but since the
two curves remain essentially parallel to one another
from 25 to 50 K, only the data below 30 K are shown.
The parallelness of the two curves indicate that the
lowest excited crystal-field level is greater than 100 K. If
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FIG. 2. The heat capacity of LaCoGe3 and CeCoGe3 from
—1.5 to 30 K.
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the first level above ground state were less than 100 K,
the curve for the Ce compound would pull away from the
LaCoGe3 curve toward higher heat-capacity values at ap-
proximately one-half of the crystal-field splitting (in K).
The data given in Fig. 2 show a fairly sharp peak at 21.2
K and a broad shoulder at 18.5 K, which becomes more
perceptible and looks like a rounded peak in a C/T vs T
plot (Fig. 3).

Not evident in Figs. 2 and 3 is a small peak at 2.8 K
(T =8 K ), which is obvious in Fig, 4. The anomaly at
2.8 K was not studied any further. However, in view of
the development of magnetic ordering in LaCoGe3 due to
the Co atoms (see below), it is possible that the Co atoms
are also ordering in the CeCoGe3 compound. The entro-

py under the peak amounts to only 1.0 m J/mole K,
which corresponds to 0.019% of the Co atoms per formu-
la unit being involved in the ordering process assuming
Co has an effective magnetic moment of 1.6p~. This is
about the same number of Co atoms (0.013%%uo) that are in-
volved in the magnetic ordering of LaCoGe3 as deduced
from magnetization measurements at 5 K (see below).

FIG. 4. The low-temperature portion of the C/T vs T plot
for LaCoGe3 and CeCoGe3.

The electronic specific-heat constant, y, and the Debye
temperature, OD, were obtained in the following manner
for the two compounds and are listed in Table II along
with some other values. The y and OD values for
LaCooe3 were obtained from a least-squares fit of the
C/Tvs. T data from —1.5 to —8.0K(below -70K ),
Fig. 4, which gives y as the intercept and p as the slope.
On is calculated from P using the relationship
OD=(1.9437X 10 )/p, where p is in units of mJ/g at. K,
and OD in K. Because of the magnetic ordering in the
CeCoGe3 compound one cannot use the same technique
as for the La compound to obtain y and OD. Since the
heat capacities of the two compounds maintain a con-
stant C or C/T difference above -25 K (see Figs. 2 and
3), we can determine the electronic specific constant of
the Ce compound in excess of that of the La compound
using the following expression:

~(C/T) =(C/T)c, —(C/T)L,

=yc, +pT' (1'L.+—pT') =)'c. rL. .—
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FIG. 3. A plot of C/T vs T for LaCoGe3 (o ) and CeCoGe3
(+ ), and the difference between the C!T values (A ) of the two
compounds from. —1.5 (2 K ) to —31.5 K (1000 K ).

TABLE II. Some electronic, thermal, and magnetic proper-
ties of LaCoGe3 and CeCoGe3.

Property

y (mJ/moleR K )

P (mJ/gat. K )

OD (K)
Parallel to e axis

5' a (Pa)
le (K)

Perpendicular to c axis
P,ff (PB)
L9p (K)

LaCoGe3

4.92+0.22
0.0431+0.0016

356+4

CeCoGe3

356'

2.43
—30.4

2.48
—66.8

'Assuming OD to be the same as that of LaCoGe3.

This assumes that the lattice contribution for both
R CoGe3 compounds are the same, which is quite reason-
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able since the two phases have the same crystal structure,
similar lattice parameters (ba =0.7%, bc=0.4%, and
b, V = 1.8% ) and are neighboring lanthanide elements
with the same valence 3+, and a mass difference of 0.8%%uo.

A least-squares fit of the b, CiT values (see Fig. 3) above
26.5 ( -700 K ) gives a yc,-yL, value of 106
mJ/mole R K, and thus - yc, =111 mJ/mole Ce K,
which suggests that this compound is a heavy-fermion
material.

CD

CLI

CL
CL

C. Magnetic-field heat capacity

The heat capacity of CeCooe3 near the magnetic or-
dering temperatures in magnetic fields up to 7.53 T is
shown in Fig. 5. Below 13 K the heat capacity is in-
dependent of field. Between 13 and 18 K, the heat capa-
city appears to oscillate as the magnetic field is increased
(see Fig. 5): first decreasing at M =1.50 T, then rising,
reaching the zero-field value at H =2.46, and continuing
to rise above the zero-field values reaching a maximum at
H =5.32, before falling back to the zero-field values at
H =7.53 T. The shoulder at —18 K becomes less evi-
dent at H =1.50 and 2.46 T, and then disappears be-
tween H =2.46 and H =5.32 T. This suggests that the
high magnetic field destroys this magnetic state, shifting
the magnetic entropy associated with this shoulder to
higher temperatures. At the same time, the magnetic
field shifts the 21.2 K upper magnetic transition to lower
temperatures as is evident in Fig. 6; however, magnetic
fields for H) 5.3 T do not shift the transition to lower
temperatures. Unfortunately, our magnetic heat-capacity
apparatus has an upper temperature limit of -21 K and
we are unable to study the heat capacity as a function of
magnetic field at high temperature.

D. Electrical resistivity

The electrical resistivity of a polycrystalline CeCoGe3
sample is shown in Fig. 7. The antiferromagnetic order-
ing is evident by the kink in the curve at -20 K, but
there is no evidence of an anomaly or transition at either
18.5 or 2.8 K, which are the temperatures at which small

I

19
I

20 2l 22

Temperature (K)

FIG. 6. The effect of magnetic field on the upper ordering
temperature.

The magnetic susceptibility was measured in a field of
1 T from 3 to 350 K. Above 100 K the data both parallel

bumps are seen in the heat capacity (Figs. 2 —4). Below
20 K the resistivity exhibits a quadratic temperature
dependence, R ( T)=R o + 2 T, where R o

= —0.017 m Q
and A =2.31 mA/K . This temperature dependence is
consistent with magnetic ordering. Above 20 K the elec-
trical resistivity increases as a function of temperature in
a manner which is typical of a metallic material.

The magnetoresistance was also measured at 5 K as a
function of magnetic field up to 5.5 (see inset, Fig. 7).
The step and plateau in the resistance at -0.5 T is con-
sistent with a change in slope in the 3 K magnetization
curve at this same field (see below, Fig. 12). Above about
1.5 T the resistance increases linearly with increasing
magnetic field up to 3 T, and then it drops abruptly. This
observation is consistent with a jump in the magnetiza-
tion as a function of increasing magnetic field (see below,
Fig. 12).

E. Magnetic measurements
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FIG. 5 ~ The heat capacity of CeCoGe3 at five magnetic fields
between 15 and 21 K near the magnetic ordering temperatures.
The various lines are guides for the eye.

FIG. 7. Electrical resistance of CeCoGe3 from 2 to 100 K.
The inset shows the magnetoresistance at 5 K in magnetic fields
up to 5T.
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FIG. 8. Magnetic susceptibility of two oriented CeCoGe3
polycrystalline samples from 3 to 350 K.

and perpendicular to the c axis obeyed the Curie-Weiss
(CW) law, see Fig. 8. The measured parameters —the
efFective magnetic moment, p,z, and Curie-Weiss temper-
ature, 0—are given in Table II. They indicate that Ce in
this compound is essentially trivalent, the compound or-
ders antiferromagnetically, and the compound is strongly
anisotropic. It is interesting that p,z for H perpendicular
to the c axis is greater than that for H parallel to the c
axis. The actual susceptibility, however, is greater along
the c axis because of a smaller 0 . The large negative
values of 0 for both directions implies that there may be
strong antiferromagnetic ordering, particularly in the ab
plane of the tetragonal structure. Below 60 K the inverse
susceptibility, g ', drops much faster than linearity as
temperature decreases, i.e., a negative departure from the
Curie-Weiss law behavior. This indicates a tendency to-
ward ferromagnetism, that is, there are some weak fer-
romagnetic interactions in the presence of the dominant
antiferromagnetic correlations. Since p z is close to that

1
eff

for 4f, this would suggest that essentially all of the mag-
netic moment in this compound is carried by Ce, and that
the d-band metal, Co, has no moment. This is confirmed
by the fact that no appreciable Co moment was observed
in the other isostructural R CoGe& compounds
(R =La,Pr). There is, however, some evidence for a
small Co moment in LaCoGe~ (see below). The small
Knight shift in CeCoGe& at low temperatures, 1.05% at
25 K and 0.42% at 10 K, also suggests the absence of a
Co moment or at most a very small moment.

The magnetic susceptibility of LaCoGe& (Fig. 9) exhib-
its a nearly constant temperature-independent Pauli
paramagnetism above —50 K, but the rapid rise below 50
K suggests that some of the Co atoms may be tending to
order, or that all the Co atoms are involved in the order-
ing process but the effective magnetic moment per atom
is quite small. Thus, we measured the magnetization of
the LaCoGez sample at 70 and 5 K from 0 to 5.5 T. At
70 K the M vs H curve was linear and the intercept
passed through zero, but at 5 K some curvature was ob-
served indicating ferromagnetic ordering. Extrapolation
of the high-field (4.5 —5. 5 T) magnetization data to H =0
gave a limiting off-set value of 0.0028 emu/g, which is
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FIG. 9. Magnetic susceptibility of polycrystalline LaCoGe3
from 3 to 300 K.

equivalent to an effective magnetic moment (p,s ) of
2. 1X10 p& for the compound LaCoGez. If the Co
atoms that are involved in the ordering process had an
efFective moment of 1.6p~, then the measured p,& would
be due to 0.013%%uo of the Co atoms per formula unit. We
believe that the ferromagnetic ordering involves all of the
Co atoms, with each having a p,z of 2. 1X10 pz, and
that this is due to electron transfer from the La atom to
Co to nearly fill the 3d bands. The magnetic ordering
temperature has not been deduced from the magnetic
measurements; however, the slight change in slope in the
C/T vs T plot (Fig. 3) at T =200K (T=14 K) may be
indicative of magnetic ordering, and is consistent with
the magnetic data. The molar susceptibility of LaCoGe3
from 50 to 300 K is 29.5 X 10 emu/mole. The behavior
of this compound is quite similar to that found in
LaCop 96Ge2 except that the susceptibilities over the en-
tire temperature range is about a factor of 4 times less in
LaCoGe& than it is in LaCop 96Ge2.

We also considered the possibility that the small mag-
netic moment observed in the LaCoGe~ (and also the
small heat-capacity bump in CeCoGe~) could be due to a
few layers of metallic Co, which order at these low tem-
peratures, on the surface of the samples. The formation
of this Co surface layer could be a result of the oxidation
of the LaCoGe~ (or CeCoGe~) to form La20~ (or Ce02),
GeOz, and free Co. Au Auger analysis revealed that
there was no free Co on the surface, and therefore the ob-
served behaviors are most likely to be intrinsic to the
R CoGe& materials.

We can also rule out the possibility that the susceptibil-
ity rise below 50 K is due to magnetic impurity atoms
(other than Co) because of the high purity of the starting
materials. The maximum magnetic impurity concentra-
tion in the lanthanum metal was 7.6 ppm atomic Fe, all
other magnetic elements (both transition and lanthanide)
were present at concentration levels &0.5 ppm atomic;
and that in the cobalt metal was 3 ppm atomic Ni and 1

ppm atomic Fe. A quick calculation shows that an iron
content of about 42 ppm atomic would be required to ac-
count for the susceptibility rise observed in Fig. 9, which
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is about five times larger than the sum of the measured
iron concentrations in the starting materials. Similarly if
the limiting off-set value from the 5 K magnetization data
were due to iron impurities, 94-ppm atomic iron would
need to be present in the LaCoGe3 phase, which is about
ten times larger than the observed iron content.

The temperature dependence of magnetization of
CeCoGe3 parallel to the c axis in a low field of 100 Oe un-

der a variety of conditions is shown in Fig. 10, where a
ferromagnetic-like increase below 20 K and gradual de-
crease of magnetization below 15 K as the temperature
decreases is seen. Besides the difference between zero-
field cooled (ZFC) (curve a) and field cooled (FC) either b

or c) a remarkable recovery of the frozen moment mea-
sured at zero field after cooling is observed. A single
magnetic phase with a ferromagnetic structure is not like-
ly to explain the recovery, but the coexistence of two
magnetic phases, a c-axis ferromagnet and a nonfer-
romagnetic one, could explain the recovery of the frozen
moment. The irreversibility temperature, where the ZFC
magnetization splits from the FC magnetization, is 17 K
at 100 Oe. This temperature is close to the zero-Geld
heat-capacity shoulder (Figs. 2 and 3). The irreversibility
temperature decreases with increasing field.

The high-field magnetization parallel to the c axis is
shown in Fig. 11. For fields below 2 T a slight change in
slope at -20 K is evident and is consistent with the 21.2
K peak observed in the heat capacity (Fig. 2). The shapes
of the magnetization vs temperature curves for H & 2 T is
similar to that of a ferri- (or ferro-) magnetic material.
Because the magnetization value at 1 T is about three
times smaller than that at 4 T, we believe that at lower
fields ((2 T) CeCoGe3 orders ferrimagnetically. When
the magnetic field is increased (H ~ 2. 5), a cusp develops
at -20 K which shifts to lower temperatures as H in-
creases (similar to that observed in the heat-capacity re-
sults, see Figs. 5 and 6). This cusp is due to metamagne-
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FIG. 11. Magnetization of CeCoGe3 as a function of temper-
ature at high magnetic fields with the magnetic field parallel to
the c axis.

tism. For H=4 T, the cusp is no longer observed and
the magnetization vs temperature curve looks like that of
a typical ferromagnetic material.

Magnetic isotherms were measured up to 5.5 T on both
the parallel and perpendicular to c-axis samples. The
magnetization is linear with the applied field for H per-
pendicular to the c axis at all temperatures. A typical
curve (T =15 K) is shown in Fig. 12. All isotherms
below 20 K for the sample with the c axis aligned parallel
to the magnetic field exhibited a metamagnetic transition
due to spin Hip at high fields. Magnetic hysteresis is ob-
served below 15 K. At 3 K the coercive field is 800 G.
The metamagnetic critical field, H, increases rapidly
with decreasing temperature below 20 K, but quickly
reaches a plateau at 15 K, and then slowly decreases as
temperature decreases (see Fig. 13). The magnetization
jump at H, b M, increases upon cooling as approximate-
ly (1—T/T, )' between 20 and 13 K, as expected from
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FIG. 10. Magnetization of CeCoGe3 from 5 to 30 K for
H = 100 Oe parallel to the c axis. (a) After ZFC. (b) FC with de-
creasing temperature (FCC). (c) FC with increasing tempera-
ture (FCW). (d) Same as (c) except with the field off. (e) FCW
data for the 100-Oe magnetic field perpendicular to the c axis.
The arrows indicate measurement directions in temperature.

3

Applied Field (T)

FIG. 12. Magnetization isotherms of CeCoGe3 at 3, 15, and
19 K for H parallel to the c axis; and at 15 K for H perpendicu-
lar to the c axis.
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used to deduce the phase boundaries are indicated in the figure
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FIG. 13. The metamagnetic critical field, H; the jump in
magnetization at H, AM; and the saturation magnetization,
M, ; for H parallel to the c axis as a function of temperature (see
Fig. 12). The solid lines are guides to the eye.

mean-field theory (MFT). ' " Below 13 K, however, the
increase of AM is slower than expected from MFT. Since
ferromagnetism above 15 K is nonhysteretic, we have ex-
trapolated the linear part of isotherms to zero field to
define M„which represents the longitudinal moment in
the ferromagnetic state. As illustrated in Fig. 13, AM is
approximately twice as large as M„suggesting a
++ ++ ordering of the Ce moment along the c
axis. Since M, is about 0. 12pz at 3 K, the total longitu-
dinal moment is found to be 0.37pz, which is much
smaller than the full Ce moment (2. 14p~ ). Therefore, we
believe that the Ce moments are primarily antiferromag-
netically ordered in the ab plane, but are canted along the
c axis. The canting order is + + ++, so that
effectively only —,

' of the moments become saturated.
Since the longitudinal component of the effective magnet-
ic moment, 0.37p~, is only —,

' of the theoretical value
(g~J=2. les�), a canting angle of about 10' from the ab
plane would be needed to account for the observed c-axis
magnetic moment. This canting sequence can be com-
pared to that in CeA12Ga2 which has the magnetic order
++ ' +++ ++ sequence of Ce moments
along the c axis. ' The Ce moment in CeA12Ga2 was
measured by neutron diffraction to be 1.3pz. ' Because
full c-axis ferromagnetism can be obtained above H, we
have denoted the magnetic state between 15 and 20 K as
c-axis ferrimagnetism.

which exists below 16 K, is a nonferromagnetic one. The
phase transition from the nonferromagnetic to the FER-
RI phase is irreversible as seen in the isotherms (Fig. 12).
We present two possible explanations, antiferromagnetic
order and spin frustration.

B. Model I: Antiferromagnetic order

The first explanation is antiferromagnetic ordering of
the Ce moment below 16 K. In this phase the c-axis fer-
rimagnetic order of the longitudinal component of the Ce
moments changes to antiferromagnetic ordering as tem-
perature decreases (see Fig. 14). More precisely, the cant-
ing order becomes + —+ —,i.e., a colinear antiferro-
magnetic ordering along the c axis, which we denoted as
AF. As temperature decreases from 16 K, small AF clus-
ters appear and grow from the FERRI matrix. At lower
temperatures AF becomes dominant while the FERRI
phase remains as clusters or disappears completely. The
FERRI clusters may be randomly oriented after ZFC.
As temperature rises, FERRI clusters develop and grow,
but are randomly oriented so that there is no magnetiza-
tion from these clusters. Once the magnetic field is ap-
plied after ZFC, the favorably oriented clusters grow at
the expense of others, and thus magnetization grows.
After FC in low field, however, the magnetically induced
FERRI phase competes and may coexist with thermo-
dynamically favored AF, as shown by large magnetiza-
tion in Fig. 10. Since all the FERRI clusters are oriented
along the field direction in this case, the magnetization
increases as FERRI clusters grow until thermal agitation
becomes important above 16 K. Domain boundary pin-
ning is believed to play a crucial role causing the thermal
and magnetic hysteresis for this phase change. Unlike

IV. DISCUSSION

A. General

Judging from such facts as double peaks in the heat
capacity, frozen moment recovery, and the increase and
decrease of H, we believe that there are three distinct
magnetic phases (see Fig. 14). Two are the c-axis
ferromagnetic (FERRO) and the c-axis ferrimagnetic
(FERRI) phases as described above. The third phase,

UNUSUAL MAGNETIC PROPERTIES OF THE HEAVY-FERMION. . .
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C. Model II: Spin frustration

The second explanation is to describe the lower-
temperature phase (below 16 K) as spin frustration (SF).
In this scheme, the canting angle (or canting order) be-
comes random, resulting reentrant magnetic glass as in
Au& Fe (with 16(x (24 % ). ' Alternatively, the Ce
atoms may show a valence fluctuation such that long-
range Ce + order no longer exists, resulting in spin frus-
tration. The full Ce moment may be recovered at high
field as demonstrated in TbMn2. ' In either case, the SF
phase can be irreversibly destabilized to become the
high-temperature FERRI phase.

D. Final comments

In either picture, FERRI-AF or FERRI-SF, close
competition of ferromagnetic and antiferromagnetic ex-
change interactions between Ce moments are believed to
be responsible for those magnetic orderings. The Ce-Ce
interatomic distances are 4.319 A for nearest neighbor
(NN) and 5.787 A for a next-nearest neighbor (NNN).
These values are too large (even greater than in pure y-

0
Ce, 3.649 A) to permit direct exchange interactions. In-

O. I03
CeCoGeq

O. IOI—

8 0.099
O
hJ

o 0 097—

0.095
2.5 3 3.5

Log&o[time (s)]
4.5

FIG. 15. Logarithmic time increase of magnetic moment at 5

K after ZFC to 5 K and then applying a magnetic field of 100
Oe.

the nonhysteretic FERRI state, the field-induced transi-
tion from AF to FERRI is not reversible because of
domain-wall pinning. Also, AF is not fully recovered
after the field is turned off for the same reason. The
recovery is very slow as observed in the magnetization in-
crease when the field is turned on after ZFC (Fig. 15).
Energetically, the free energy of the AF phase is so close
to that of FERRI state and the barrier between them is
so low that even minor defects in the sample can interfere
with the cluster motion by cluster wall pinning. Al-
though the physics of the above picture, the closeness of
the free energies of AF and FERRI phases, and the clus-
ter wall pinning between them, is very different from that
of a spin glass, both behaviors have similar outputs in
magnetization, such as magnetic hysteresis, frozen mo-
ment, or relaxation. Neutron diffraction, however,
should clearly distinguish the two behaviors.

stead, long-range Ruderman-Kittel-Kasuya- Yosida
(RKKY) interactions are believed to be dominant and re-
sponsible for the magnetic orderings in this compound.
Based on these assumptions, we argue that spin frustra-
tion is not likely in this system without chemical disor-
der, which is not likely since a Rietveld refinement of the
x-ray intensity data indicated all the atoms occupied the
appropriate positions in the BaNiSn3 structure. An im-
portant implication of c-axis ferrimagnetism and AF in
CeCoGe3 is provided by the absence of a SF phase and
the presence of a colinear AF phase in UCuzGe2, ' al-
though it shows an irreversible magnetic phase transition
from AF to ferromagnetism at low temperatures.

Increase and decrease of H in the FERRI and AF
states, respectively, are not well understood. This type of
H change has been reported in Tb-Ho alloys' ' in
which field-induced transition from helical magnetism to
ferromagnetism was observed in the ab plane of the hex-
agonal structure. The critical field of the transition in-
creases abruptly below T&, then gradually decreases with
decreasing temperature. The change was reported to
coincide with an anomaly of thermal expansion
coe%cient and temperature dependence of the elastic con-
stant, c44. CeCoGe3, however, has two distinct magnetic
phases and a different pattern of metamagnetism for each
phase. The increase and decrease of H might imply lat-
tice distortion at low temperature, which may induce
different Dzyaloshinsky-Moryia (D-M) interactions in
the magnetic phases. The decrease of H at low temper-
ature was observed in another heavy-fermion CeRhCe3
along the same axis.

In order to determine which model is correct,
neutron-diffraction studies as a function of magnetic field

(up to 5 T) and temperatures below 25 K are needed,
preferably on a single-crystal sample. Indeed it is possi-
ble that neither of the "simple" models is correct and the
magnetic structures as a function of temperature and field
are more complicated.

V. SUMMARY

We have found three magnetically ordered phases in
CeCoGe3. At 20 K it shows a c-axis ferrimagnetism with
ferromagnetic canting along the unique fourfold axis in
the order of ++ ++ . Below 16 K, a colinear anti-
ferromagnetic canting of the Ce + moments along the
same axis is thought to occur. The low-temperature AF
phase can be destabilized by a magnetic field to cause a
transition into the high-temperature FERRI phase. The
transition is hysteretic because of domain-wall pinning,
causing magnetic spin-glass-like behavior. For all tem-
peratures below 20 K, it becomes a c-axis ferromagnet
(the third magnetic state) by a metamagnetic transition.
The critical field of metamagnetism increases in a
FERRI state, but decreases in an AF state, while the
metamagnetic jump (the increase in magnetization at
H ) only increases as temperature decreases. In addition
to the FERRI-AF explanation, the possibility of a
FERRI-SF is also discussed. If CeCoGe3 is a frustrated
system, it might be related to the absence of a reAection

symmetry in Ce-Co chains. Even if this is not a frustrat-
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ed system, a high potential for frustration exists due to
the highly anisotropic symmetry.
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